Introduction
At present biofuels are one of the most promising forms of renewable energy with a wide range of possible applications. In particular, applications which are based on the use of these products in diesel engines have long been studied in the research and energy industry sectors. Biofuels are products which can be derived from oleaginous crops, for the production of vegetable oils used either pure or transformed into biodiesel, or from sugary and/or starchy crops for the production of ethanol.
This paper studies in detail some aspects of vegetable oil characteristics. The attention paid to this source of energy can be attributed to a number of important positive aspects: the biodegradability, the absence of sulphur, the low content of carbon monoxide emissions, of particulate matter and of unburnt products [6, 15] , the possibility to become more independent from fossil fuels as a source of energy and to exploit the agricultural production and the entrepreneurial systems connected with this sector.
The limitations that are found in using these oils are linked mainly to the cost, which is not competitive if compared with diesel [7, 10] , and to the chemical and physical properties which are in part unlike those set down by the specifications for diesel engines.
Moreover it is necessary to consider the high variability of the chemical and physical characteristics of different oils and in some cases of oils derived from the same plant species.
In general these products are made up of 98% triglycerides while the remaining 2% consists of phospholipids and different types of hydrocarbons. Glycerides are formed from a molecule of esterified glycerol with molecules of fatty acids (in a range going from 1 to 3) which are characterised by the different number of carbon atoms and by the variable chemical configuration. The different chemical structure influences the variability of the characteristics of the different oils, and consequently the physical properties of the oil itself.
The aim of this paper, which is part of a wider research programme concerning the possibility to develop systems for the use of vegetable oils as a source of fuel, is to improve the understanding of the physical and chemical properties of vegetable oils and to define the possible relationships between them. A thorough understanding of this type of information will allow a more detailed definition of the performance of this product in diesel engines and, in general, in the conversion systems used for energy recovery.
Main chemical and physical properties of vegetable oil as fuel
The chemical and physical properties of a vegetable oil as fuel are numerous and are mentioned in technical regulations and suggestions [17, 19] .
For this purpose, table 1 reports the principal parameters of oleaginous biofuels set down in technical regulations and in specifications indicated by some engine manufacturers.
The most restrictive limits refer to biodiesel destined to low power engines that required a more refined biofuel that is similar to diesel. Table 2 summarises the properties considered in these regulations and the importance of each property when used as a fuel for diesel engines.
Viscosity is considered the most important of these properties because of the immediate and visible effects which can arise when values of this parameter are not suitable. High values of viscosity of a vegetable oil are the cause of incomplete combustion and of the consequent formation of deposits and wear on the engine [3, 9, 15, 16] .
Literature [1, 9, 13, 15] shows that the viscosity of oils is directly related to the level of unsaturation and the length of the fatty acid chains. The viscosity tends to decrease when there is an increased presence of double bonds and grows with an increase in the length of the hydrocarbon chain and according to the level of polymerisation in the oil.
Auld [4] , was one of the first researchers to elaborate an equation that expresses the relationship between the influence of the quantity of double bonds (measured by N i ) and the length of the hydrocarbon chain on viscosity (measured by N s ).
Using this equation it is possible to verify that the viscosity increases when the presence of double bonds decreases and when the length of the hydrocarbon chain increases.
The increase in the viscosity of a vegetable oil subjected to rapid heating (for example in the case of frying when a temperature of more than 200°C may be reached) is determined by the breaking of the double bonds and a consequent reduction in the level of unsaturation [21] .
Viscosity is also connected with the configuration of the double bonds (the cis configuration determines lower viscosity than the trans configuration) while the position of the double bonds along the hydrocarbon chain has less effect [15] .
Other works in literature [1, 2, 20] show further relationships between viscosity and chemical parameters such as N i and N s , or more generally the acidic composition of triglycerides.
The viscosity of the vegetable oil is closely dependent on temperature. An increase in temperature corresponds to a non-linear reduction in viscosity. A great number of equations have been drawn up by researchers [1, 11] , but the expression that best explains the relationship between temperature and viscosity is found in equations (1) and (2):
where ν is the kinematic viscosity at temperature T, a, b and c are constant.
Recent studies [7] have found a relationship between the chemical structure of oil and the calorific value, expressed by a mathematical equation which illustrates the correlation between N s and N i and HCV.
The equation is as follows:
The HCV decreases when N i and N s increase, implying that the energy content increases in accordance with the increase in the length of the chain, and therefore with the increase in carbon atoms, but decreases when the percentage of carbon decreases with respect to the oxygen. Moreover, the calorific content of the fuel decreases in accordance with the reduction in the hydrogen content, and therefore as the N i increases (that is to say when the number of double bonds increases). There is a close dependence between the chemical structure of the oil and the cetane number, which is another fundamental parameter for the efficiency of combustion. Long, saturate and unbranched chains have a high cetane number. On the contrary, branched, short and unsaturated chains have a low cetane number, with consequent difficulty in starting combustion. If the unsaturation is situated at the end of the hydrocarbon chain the cetane number is higher.
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Melting Point
Indicates the temperature at which the transformation from solid to liquid state can be observed in standard conditions
High melting point values can cause problems on flow in the fuel supply
Flash Point
The minimum temperature at which the vapours of a fuel catch fire if in contact with a flame
The higher this value is, the safer storage, transport and manipulation of the product will be
Oxidation stability
Indicates the quantity of gum and macromolecules which are formed when subjecting a sample to certain conditions of pressure in the presence of oxygen
The compounds generated cause an increase in viscosity Estimates the content in fatty acids either free or bound to the glycerol of a vegetable oil The higher this value is, the lower the molecular weight of the acids will be (v) points are a function of the fatty acid composition. Vegetable oils, which are prevalently made up of saturate fatty acids, have a high melting point and show higher filterability limits and cloud points than oils which have a prevalence of unsaturated fatty acids.
The presence of double bonds and the length of the fatty acid chain also influence the flash point. The longer the hydrocarbon chain and the higher the level of unsaturation of the vegetable oil is, the higher the flash point will be.
Finally the specific heat must be considered, defined as the amount of heat per unit mass required to raise the temperature by 1°C. This parameter is a physical property which can be decisive for planning storage and temperature maintenance systems for the oils which tend to solidify at low temperatures. This parameter has been found to increase with an increase in saturation, that is to say, when the double bonds decrease [18] . Table 3 summarises the abovementioned points.
Materials and methods

Materials
For the purpose of this analysis 19 samples of vegetable oil of different types and origin were considered ( Table 4) . Some of these products were obtained through extraction with a mechanical press and subsequent filtering. The other oils were procured from large-scale retailers or plants which use vegetable oils for the production of electricity.
Several chemical and physical analyses were carried out on each oil sample. In particular, for the physical analyses the viscosity and the specific heat were determined, while for the chemical analyses the iodine number and the saponification number were determined, together with the elemental analysis.
Chemical and physical analyses
In detail, viscosity was measured according to the DIN EN ISO 3104 regulations, using a CannonFenske capillary viscometer immersed in a thermostatic bath. The measurements of viscosity were carried out at different temperatures in a range of between 42 Notes: (+) positive relationship; (-) negative relationship; (/) no relationship.
(1) The cetane number is also in function of other chemical parameters such as: the presence of aromatic compounds (the greater the number of aromatic compounds, the lower the cetane number will be) and the position of the double bonds (the closer the double bond is to the end, the greater the cetane number will be). The determination of the Higher Calorific Value was carried out using an IKA C2000 isoperibolic calorimeter. Specifically, this instrument allows the HCV to be determined through bomb calorimetry in accordance with CEN/TS 14918 regulations. For HCV, two repetitions were carried out for each vegetable oil sample. Subsequently, on the basis of the values found in the elemental analysis, the LCV was calculated according to the abovementioned regulations.
Measurement of the elemental analysis was performed using the Perkin Elmer 2400 CHNS/O analyser. For this calculation the prCEN/TS 15104 regulations were followed. This instrument determines the carbon, hydrogen and nitrogen content by means of thermal conductivity detection (TCD) which identifies the single components produced by the combustion of the sample, separating them by means of a chromatographic column.
Even in this case two repetitions were carried out for each sample of oil in order to calculate the average value.
As far as the determination of N i is concerned, the analysis was carried out on the basis of the indications in DIN 53241-1 regulations. This measurement is based on the titration, by means of the Wijs reagent, of the excess of a known quantity of halogenated reagent which does not react with the vegetable oil.
The values given to each oil sample represent the average value obtained from two repetitions.
For N s , the procedure followed was in accordance with DIN 51159-2 regulations. The measurement of this parameter is based on the determination with a titration using hydrochloric acid of the KOH necessary to saponify a known quantity of the oil sample. As in the case of the previous chemical parameter, the saponification number was also calculated from the average of two repetitions for each oil sample.
Data processing
The data collected during the trial allowed a series of analyses to be developed to verify the existence of links between the physical and the chemical parameters of the vegetable oils. One of the first aspects studied was the determination of the relationship between the viscosity of the vegetable oil and its temperature. For this purpose Tablecurve 2D v5.0 software was used to obtain a series of mathematical equations which relate the parameters studied.
In order to define the relationship between the viscosity and the temperature, mathematical equations were chosen since they were considered to be the most reliable. These equations are characterised by the highest regression coefficient values.
Other types of mathematical relationships investigated in this work, were analysed using MINITAB ® Release 14.1. In particular this analysis considered the possible relationships between viscosity and temperature, the N i , and the N s as well as the relationship between the calorific value, the N i and the N s . In detail, a multiple regression analysis was carried out between the viscosity and N i and N s , and simple regressions between viscosity and N i and N s , and LCV and N s . The software allowed the definition of equations with indicators for verifying the reliability of the analysis, such as the p-value which represents the lowest meaningful level of the test for which the null hypothesis is rejected, that is to say when there are no correlations between the variables considered. The level was fixed at 0.05 (5%), therefore with any values below this level it is possible to reject the null hypothesis with low probability of making a mistake. Table 5 summarises the results of the chemical and physical analyses carried out on the vegetable oils considered in this paper.
Results and discussion
As expected, the results show a reduction in the viscosity of the oil as its temperature increases. In general terms, comparing the values of viscosity at temperatures ranging from 30°C to 70°C, it is possible to see an average reduction in this parameter of about 70%. The trend is relatively similar for the different oils, with viscosity reduction levels varying between 74% for palm oil and 68.9% for soybean oil.
It is interesting to observe how the differences in viscosity for the various oils, in the same temperature conditions, vary greatly within the temperature range studied. In particular at a temperature of 30°C the absolute differences are about 29.42 ⋅ 10 -6 m 2 /s compared with 4.17 ⋅ 10 -6 m 2 /s at a temperature of 70°C.
Processing with Tablecurve 2D v5.0 software gave the most probable equations which link the values of the viscosity of each oil with its temperature (4), (5), (6) . The relationships in which the R 2 value is greater than 0.999 and the p-value is under the 5% limit are illustrated below: (4) (5) (6) where ν is the kinematic viscosity, T is the temperature, a, b and c are constant. Equation (7) expresses the relationship between viscosity at 40°C (temperature fixed by the reference regulations) and the values of N i and N s , obtained by multiple regression analysis. In particular:
where ν is the viscosity in 10 -6 m 2 /s, N s is the saponification number and N i is the iodine number.
The equation has an R 2 coefficient of 0.891 and a p-value lower than 0.01.
A study of the single relationships between the viscosity and the abovementioned parameters highlights some interesting details. In particular, the analysis of the relationship between viscosity and N i (Fig.1) shows an R 2 value of 0.505 and a p-value lower than 0.01. However, by excluding from the analysis the value which is furthest from the line, in this case the viscosity of Brassica carinata oil, the correlation becomes considerably higher, with R 2 values of 0.967 and a p-value of less than 0.01. Equation (8) expresses the latter relationship:
v (40°C) = 48.6 -0.120 N i (8) In other words, with an increase in N i , and therefore in the presence of double bonds, the viscosity decreases in a linear way. More precisely, the variation 44 (1) Brassica carinata oil obtained with low pressure extraction (2 ) Brassica carinata oil obtained with high pressure extraction in N i from 85 to 120 (corresponding to high oleic sunflower seed oil and ordinary sunflower seed oil respectively), determines a reduction in viscosity of about 11%. Figure 2 shows the relationship between N s and viscosity. Considering the values of all the samples the relationship is not significant, since an R 2 of 0.108 and a p-value of 0.107 are obtained. If the two values which are significantly distant from the straight line, corresponding to the two samples of palm oil, are omitted the relationship becomes meaningful, with an R 2 of 0.703 and a p-value lower than 0.01. The equation which expresses this relationship is as follows:
In general therefore, when N s (that is to say the average length of the fatty acid chains), increases, the value of viscosity decreases. In particular, by increasing the N s from 175 to 195 (corresponding to brassica oil and sunflower seed oil respectively), the viscosity goes down by 30.7%.
The investigation of the relationship between the LCV and the chemical parameters studied highlighted a link only between LCV and the N s value. In particular, the corresponding equation (10) shows an R 2 of 0.750 and a p-value of less than 0.01:
The differences in terms of energy between vegetable oils which have very different chemical structures are generally rather limited being of about 3%.
Finally, the results are shown of the analysis aimed at verifying any effects of double bonds and the length of the fatty acid carbon chain on the performance of the viscosity of the oils according to variations in temperature. Table 6 gives a detailed summary of the data which express the quality of the relationships between the coefficients of equations (4), (5) and (6) Interesting relationships can be seen between N i and N s and the coefficients of equations (4), (5) and (6) . However, in the case of equation (4) only coefficient b seems to be significantly related to N i and N s.
Remarks
The results illustrated in this paper contribute towards improving understanding of the problems related to using vegetable oils as a source of energy. In particular, the analysis of the viscosity can be considered interesting given the importance of this parameter for the performance of the oils in diesel engines.
The results show that temperature has a key role in controlling the level of viscosity of the oils. However, the relationship between viscosity and temperature of the oils varies according to the type of product. In general the difference in the values of viscosity of the oils decreases when the temperature increases. Moreover, all the oils considered in this study have a viscosity of less than 20 ⋅ 10 -6 m 2 /s when heated to 70°C.
Except for brassica oil and palm oil and stearin, the data regarding the viscosity of the oils studied are within the limits set by the technical regulation DIN 51605.
At a temperature of 100°C it is possible to obtain an oil viscosity value close to 9-10 ⋅ 10 -6 m 2 /s, which is similar to diesel and biodiesel (about 3 ⋅ 10 -6 m 2 /s and 4-6 ⋅ 10 -6 m 2 /s respectively).
In practice the pre-heating of vegetable oil can easily be obtained using a heat exchanger which recovers the heat from the cooling system of the engine. The lack of a system which heats the oil may cause some problems connected with high viscosity above all during the winter or in cold climates. For example, considering an average temperature of 10°C and applying the equations obtained, the viscosity reaches values of greater than 120 ⋅ 10 -6 m 2 /s, and in the case of temperatures below zero the viscosity can be estimated at over 200 ⋅ 10 -6 m 2 /s.
Of the oils considered linseed oil seems to be the one which has the best performance at low temperatures, keeping the lowest viscosity, while both palm oil and palm stearin have the worst performance.
This study illustrates that the chemical structure of the tryglicerides contained in a vegetable oil conditions to a great extent the physical, mechanical and energy characteristics of the oil.
The length of the carbon chains, identified by the N s and the unsaturation level, indicated as N i , are related to the value of viscosity of the oil.
In particular this aspect is underlined by the excellent results of the multiple regression which, considering all the values including palm and brassica oils with their atypical performance, confirms the existence of complementary and complex interactions between the chemical structure and the physical properties of a vegetable oil.
As far as the energy content of the oil is concerned the study illustrates that the calorific value increases when there is a reduction in N s . Presumably the longer carbon chain influences the relationship between carbon and oxygen and therefore the greater capacity to release thermal energy in combustion. In other words, oils with long carbon chains have a greater carbon content and consequently a higher calorific value.
The results of this study also provide some initial indications about the qualitative characteristics of vegetable oil used as a source of energy. From an initial approximation it is difficult to fix optimum values of the chemical parameters which satisfy all the physical requirements of the oil necessary for a correct use in energy conversion systems. For example if, on the one hand, high N i values in the vegetable oil offer advantages from the point of view of viscosity, on the other hand these values reduce the cetane number. This aspect means that it is necessary to find a compromise between the different chemical parameters. Experience in this field suggests the choice of an oil characterised by a high percentage of monounsaturated fatty acids (N i of about 80) and a medium length carbon chain (N s about 180-190). None of the oils analysed in this study showed optimum values for all the parameters; the products which are closest to these levels are argan oil (Argania spinosa L) and rape oil (Brassica napus L). An alternative hypothesis could be to formulate suitable combinations of oils to permit greater similarity with the qualitative reference parameters.
Conclusions
The biofuel and vegetable oil market is characterised by products with uncertain and inconstant qualitative characteristics. This should encourage the research and development of a method of standardisation of energy materials in order to assess the economic and technical validity of the products. Standardisation of this type must be based on the development of a thorough understanding of the chemical and physical properties of the vegetable oils and their performance. This study illustrates that the physical and mechanical features of the product reflect the chemical properties of the vegetable oils. The possibility to construct models for the performance of an oil is essential in order to develop simplified methods for controlling its quality and for predicting its energy transformation. In other words, the simple determination of the chemical parameters considered in this study could be of assistance for expressing an evaluation of the properties of an unknown vegetable oil. In conclusion, the study of the performance of the oils through an analysis of the chemical characteristics contributes to the improvement of the technology used for energy transformation and to the development of new technical solutions for planning conversion plants.
SUMMARY
Possible relationships between physical and chemical properties of vegetable oils as biofuels have been studied. 19 samples of vegetable oils of different types and origin were considered. First the relationship between the viscosity of each oil and the temperature was studied. Subsequently, single and multiple regression analyses were carried out between viscosity, iodine number, saponification number and calorific value. It was observed that temperature has a key role in controlling the level of viscosity of the oils, and the relationship between viscosity and temperature is specific to each type of product.
Moreover, the chemical structure of the tryglicerides conditions to a great extent the physical, mechanical and energy characteristics of the oil. In particular the length of the carbon chains and the unsaturation level are related to the value of viscosity in a single and multiple relationship. The calorific value increases with the increase in the length of the carbon chain.
This study could be useful to develop simplified methods for controlling the quality of vegetable oils as biofuels and for improving the technology of their energy transformation.
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